The fluorescent derivatization of tryptophan metabolites (xanthurenic acid, nicotinic acid, picolinic acid, and 3-hydroxyanthranilic acid) by the catalytic activity of horseradish peroxidase (HRP) was investigated in the presence of excess H2O2. Non-fluorescent xanthurenic acid (XA) and nicotinic acid (NA) were converted into a fluorescent compound with maximum excitation and emission wavelengths at 325 and 425 nm, and 318 and 380 nm, respectively. This fluorescent derivatization was developed for the fluorometric determination of trace amounts of XA and NA. The calibration curves were linear from 1.0 to 10.0 nmol XA and from 5.0 to 20.0 nmol NA in a 1.0-mL sample solution. The UV spectra of the reaction solutions suggested that compound III as an intermediate of HRP played an essential role in this fluorescent derivatization with HRP.
Introduction
Peroxidases are hemeproteins that catalyze the oxidation of a wide variety of substrates in the presence of H2O2. 1, 2 In clinical analyses, for the determination of vital compounds, such as glucose, uric acid, and cholesterol, horseradish peroxidase (HRP) is routinely utilized for the determination of trace amounts of H2O2 produced by the oxidase corresponding to such a vital compound. 3 In these methods, various compounds were applied as substrates (AH2) in the following reaction: AH2 + H2O2 → HRP A + 2H2O (1) For example, for the fluorometric determination of trace amounts of H2O2, non-fluorescent fluorochromogens, such as 3-(p-hydroxyphenyl)propionic acid and homovanillic acid, are selected as AH2. 4 ,5 4-Aminoantipyrine and Trinder's reagents are often applied as AH2 for the colorimetric determination of trace amounts of H2O2. 3 In these cases, reaction (1) proceeds quantitatively in the presence of excess AH2 to both HRP and H2O2. Contrary to this condition, in the presence of excess H2O2 to both HRP and AH2, we previously tried to apply the catalytic activity of HRP for the fluorometric determination of trace amounts of AH2. As a result, we demonstrated that non-fluorescent kynurenic acid ( Fig. 1: R1 , H) and quinolinic acid ( Fig. 1: R2 and R3, COOH), a tryptophan metabolite, were converted into a fluorescent compound by the catalytic activity of HRP in the presence of excess H2O2. 6, 7 Moreover, we demonstrated that this fluorescent derivatization could be applied to the determination of trace amounts of kynurenic acid and quinolinic acid in vital fluids. 6, 7 Accordingly, in this study, we investigated whether other tryptophan metabolites, such as xanthurenic acid (XA), nicotinic acid (NA), 3-hydroxyanthranilic acid, and picolinic acid ( Fig. 1) , will be converted into a fluorescent compound by the catalytic activity of HRP in the presence of excess H2O2.
In the catalytic reaction of HRP shown in reaction (1), compounds I and II as transient intermediates of HRP are well known to play an important role in the oxidation of substrates (AH2) in the presence of small amounts of H2O2 to HRP; 8, 9 however, in the presence of excess H2O2 to HRP, other intermediates of HRP, such as compound III and P-670, are reported to be produced in addition to compounds I and II. [10] [11] [12] [13] Accordingly, it is very interesting to know which intermediates of HRP participate in the fluorescent derivatization of non-fluorescent substrates in the presence of excess H2O2 to HRP. Thus, the UV spectra of reaction solutions were investigated in the course of the fluorescent derivatization of XA and NA with HRP.
Experimental

Reagents and apparatus
In Fig. 1 , the tryptophan metabolites investigated in this study are shown. XA and 3-hydroxyanthranilic acid were purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO). NA and picolinic acid were purchased from Nacalai Tesque Co. (Kyoto, Japan). HRP (EC 1.11.1.7; Type VI; activity, 100 units mg -1 ), control serum I Wako (BR), and Lyphochek quantitative urine control were purchased from Wako Pure Chemical Industries Co. (Osaka, Japan). Other chemicals were of analytical or reagent grade and used without further purification. An HRP solution (20 U mL -1 ) was prepared by dissolving HRP powder in water. In this study, an HRP solution prepared within two weeks and kept in a refrigerator was used.
The fluorescence spectra and intensities were recorded on a Shimadzu RF-5300 spectrofluorometer with a quartz cell (1 cm × 1 cm cross-section) equipped with a xenon lamp and dual monochromator. For all experiments in this study, the bandwidths for both excitation and emission were set at 15 nm for XA and 10 nm for NA, unless otherwise noted.
Fluorometric determination method of XA and NA
The determination method of XA was as follows: HRP solution (1.0 mL, 20 U mL -1 ) was added to a mixture containing a sample solution (1.0 mL), a 0. 
Results and Discussion
Fluorescent derivatization of tryptophan metabolites with HRP
Previously, Watanabe et al. demonstrated that tryptophan metabolites, such as kynurenic acid, quinolinic acid, and NA, were very sensitive to UV irradiation, and were easily converted into each fluorescent compound by a photochemical reaction through UV irradiation in the presence of H2O2. 14, 15 For example, non-fluorescent NA was converted into a fluorescent compound (Ex, 325 nm; Em, 380 nm) by UV irradiation in the presence of H2O2. 16 Accordingly, in order to avoid such fluorescent derivatization by a photochemical reaction, all experiments in this study were carried out without exposure to light.
First, in order to investigate whether XA will be converted into a fluorescent compound by the catalytic activity of HRP in the presence of H2O2 or not, the fluorescence intensity of the reaction solution containing XA and HRP was measured under various conditions. Figure 2 shows the excitation and emission spectra of a reaction solution containing XA, HRP and H2O2 after incubation under the conditions shown in Fig. 2 . As shown in Fig. 2 , XA was converted into a fluorescent compound with excitation and emission wavelengths of 325 and 425 nm, respectively; however, solutions without HRP and/or H2O2 showed almost no fluorescence under the same conditions. Accordingly, it was apparent that XA was converted into a fluorescent compound by the catalytic activity of HRP in the presence of H2O2 with no exposure to light. Watanabe et al. demonstrated that XA was converted into a fluorescent compound (Ex, 375 nm; Em, 485 nm) by heating with calcium nitrate and diethylamine. 17 In addition, they demonstrated that XA was converted into a fluorescent 8-methyl ester of XA (Ex, 338 nm; Em, 425 nm) by incubating in solution containing dimethylsulfate and sodium hydroxide. 18 The excitation and emission wavelengths of these fluorescent compounds are quite different from those of a fluorescent compound used in this study, respectively, indicating that the fluorescent compound produced in this study is not the same as that produced in the literature by Watanabe et al. 17, 18 Next, the fluorescent derivatization of NA was investigated similarly to XA. Figure 3 shows the excitation and emission spectra of the reaction solution containing NA, HRP and H2O2 after incubation under the conditions shown in Fig. 3 without exposure to light. Non-fluorescent NA was converted into a fluorescent compound (Ex, 318 nm; Em, 380 nm) in the presence of both HRP and H2O2. Solutions without HRP and/or H2O2 showed almost no fluorescence under the same conditions. These results indicated that NA was converted into a fluorescent compound by the catalytic activity of HRP in the presence of H2O2 with no exposure to light. As previously described, Watanabe et al. demonstrated that NA was converted into a fluorescent compound (Ex, 325 nm; Em, 380 nm) by UV irradiation in the presence of H2O2. 16 The excitation and emission wavelengths of this compound produced by UV irradiation are almost the same as those of the fluorescent compound used in this study, respectively; however, it is not clear whether the fluorescent compound in the literature is identical to that produced in this study.
Moreover, in the case of non-fluorescent picolinic acid, no fluorescent derivatization was observed even after incubation for 120 min at 35 C with HRP and excess H2O2 in each buffer solution of pH 4 (acetate buffer), 7 (phosphate buffer), and 10 (carbonate buffer). In the case of 3-hydroxyanthranilic acid, the intense fluorescence of 3-hydroxyanthranilic acid disappeared after incubation for 60 min at 35 C with HRP and excess H2O2 in buffer solutions of pH 7 (phosphate buffer) and 10 (carbonate buffer), indicating that 3-hydroxyanthranilic acid was converted into a non-fluorescent compound.
In this way, XA and NA were converted into a fluorescent compound with HRP in the presence of excess H2O2 without exposure to light, similarly to kynurenic acid and quinolinic acid. 6, 7 XA and NA could be fluorometrically determined by measuring the fluorescence intensity of the reaction product in this study. Accordingly, the fluorescent derivatization with HRP in the presence of excess H2O2 is applicable as a new method to convert non-fluorescent tryptophan metabolites, related to various diseases, [19] [20] [21] into any fluorescent compound.
Application to the fluorometric determination of XA
Since XA is of interest in terms of its connection with diabetes and bladder cancer, 22, 23 it is very important to measure XA in vital fluids for determining the proper diagnosis of such diseases. Various methods for measuring trace amounts of XA in vital fluids have been demonstrated on photometric and fluorometric determinations, and so on. [24] [25] [26] Although the demonstrated methods have been successfully applied to the determination of trace amounts of XA in vital fluids, some disadvantages still remain regarding a tedious procedure and poor sensitivity.
In order to establish the fluorometric determination of XA, the effects of various factors on the fluorescent derivatization of XA with HRP were investigated. The effects of the pH and buffers were investigated in buffer solutions at between pH 3 and 9. As shown in Fig. 4 , the highest intensity was observed in a phosphate buffer solution of pH 7.0 among various buffer solutions. In acetate and borate buffer solutions, almost no intensity was observed. Accordingly, a phosphate buffer solution of pH 7.0 was selected as being the optimum.
The effects of the concentrations of H2O2 and HRP were investigated in the range of 0.2 -1.0 M and 1.0 -30 units mL -1 , respectively. Although an increase in the fluorescent intensity was observed with increasing concentrations of both H2O2 and HRP, the fluorescence intensity reached its highest value, and remained constant over 0.6 M H2O2 and over 20 units mL -1 HRP, respectively. Thus, the concentrations of H2O2 and HRP were selected to be 0.6 M and 20 units mL -1 , respectively. A large excess of H2O2 was necessary to perform the fluorometric determination of XA with HRP effectively, similarly to kynurenic acid and quinolinic acid. 6, 7 The effect of the incubation time was investigated in the range of 10 to 90 min at 30 C. The fluorescent intensity gradually increased with increasing incubation time, and became almost constant and maximum above 60-min incubation time. The fluorescence intensity peaked at 30 C, between 20 and 45 C of incubation temperature. Thus, the incubation time and temperature were set at 60 min and 30 C, respectively.
The fluorometric determination method of trace amounts of XA was established based on the optimum conditions described above. A linear calibration curve was obtained between 1.0 and 10.0 nmol XA in a 1.0-mL sample solution. The correlation coefficient and the relative standard deviation (n = 5) were 0.989 and 5.2% for 10.0 nmol of XA in a 1.0-mL sample solution, respectively. The detection limit was 0.2 nmol XA in a 1.0-mL sample solution. Accordingly, the fluorometric derivatization with HRP is applicable to the fluorometric determination of trace amounts of XA. As shown in Table 1 , interference was investigated in the presence of various foreign substances; in particular, ascorbic acid caused marked interference. Human serum albumin (HSA) caused marked interference in increasing amounts.
The sensitivity of the present method almost corresponded to that of the high-sensitive fluorometric method developed by Watanabe at al. 17 Using the present method, we tried to measure trace amounts of XA added to control serum and urine. After XA was added to control serum and urine, proteins were removed according to a method used in a previous study. 6, 7 The solution was used as a sample solution in the present method. The recovery rates of XA (10 nmol mL -1 ) added to each serum and urine were 71.5 ± 4.5% (n = 3) and 90.3 ± 1.9% (n = 3), respectively. The results were satisfactory for control urine. Application to the fluorometric determination of NA It is well known that NA is related to pellagra in humans, 27 and has various pharmacological effects. 28 Thus, in order to evaluate the nutritional conditions or pharmacological effects, colorimetric, fluorometric, and HPLC methods for measuring NA in vital fluids have been demonstrated. 16, [29] [30] [31] However, some disadvantages still remain regarding procedures for sample pretreatment and poor sensitivity, and so on.
As shown in Fig. 5 , the pH of buffer solutions affected the fluorescent derivatization of NA severely. The highest intensity was observed in Britton-Robinson buffer solution of pH 4.5, which consists of phosphate, acetate, and borate. Accordingly, a Britton-Robinson buffer solution of pH 4.5 was selected as the optimum pH. Other conditions were investigated similarly to XA. As optimum conditions, 0.2 M H2O2, 20 units mL -1 HRP, 60-min incubation time, and 30 C incubation temperature were selected. As previously described, we demonstrated the fluorometric determination of kynurenic acid (KA) and quinolinic acid (QA) using the fluorescent derivatization with HRP. 6, 7 In spite of the same reaction system with HRP and excess H2O2, the optimum conditions for the determination of KA, QA, XA, and NA, especially the concentration of H2O2 and the optimum pH, were different from each other. The differences of the reactivity as a substrate for the fluorescent derivatization with HRP may reflect the concentration of H2O2. Poor reactivity will need a high concentration of H2O2. Moreover, the differences of the structure as a substrate may reflect the differences of the optimum pH, because QA and NA are one of quinoline derivatives, while KA and XA are one of pyridine derivatives.
Based on the optimum conditions described above, a fluorometric determination method was established for NA. A linear calibration curve was obtained at between 5.0 and 20.0 nmol NA in a 1.0-mL sample solution. The correlation coefficient and the relative standard deviation (n = 5) were 0.982 and 5.7% for 20.0 nmol NA in a 1.0-mL sample solution, respectively. The detection limit was 2.0 nmol NA in a 1.0-mL sample solution. The sensitivity of the present method was slightly lower than that of the high-sensitive fluorometric method developed by Watanabe at al. 16 As shown in Table 1 , iodide ion and HSA caused marked interference. In the presence of HSA, the intense fluorescence of HSA was observed. Trace amounts of NA added to control serum and urine were measured using the present method. The solution after the removal of proteins was used as a sample solution in the present method. The recovery rates of NA (20 nmol mL -1 ) added to each serum and urine were less than 50% and 89.5 ± 3.7% (n = 3), respectively. A satisfactory result was obtained for control urine.
Investigation of UV spectra of reaction solution
The UV spectra of the reaction solution were observed during the course of fluorescent derivatization with HRP. As described previously, in the presence of small amounts of H2O2 to HRP, HRP is well known to exhibit its conventional catalytic activity for the oxidation of substrates, as shown in reaction (1). 1, 2 In this catalytic reaction, active compounds I and II as transient intermediates of HRP play an important role in the oxidation of substrates with HRP. 8, 9 native form → compound I → compound II → native form However, in the presence of excess H2O2 to HRP, it is well known that other forms, such as compound III and P-670, are additionally formed, except for compounds I and II. [10] [11] [12] [13] As already mentioned, excess H2O2 was necessary to perform the fluorescent derivatization of XA and NA effectively with HRP in this study. Accordingly, other forms of HRP except for compounds I and II can participate in this fluorescent derivatization. Based on these results, the UV spectra of reaction solutions were investigated.
In Fig. 6 , the UV spectra before and after the addition of excess H2O2 to a sample solution containing only HRP are shown. Before the addition of H2O2, characteristic bands of the native form of HRP were observed at 404, 498, and 639 nm. After the addition of excess H2O2, characteristic bands of the native form of HRP disappeared immediately, and characteristic bands of compound III were clearly observed at 417, 543, and 577 nm. At 669 nm, a very weak band due to P-670 was observed. Since compounds I and II were reported to show characteristic bands at 404, 550, and 650 nm and at 420, 527, and 556 nm, respectively, 10 no bands due to compounds I and II were observed in the UV spectra of Fig. 6 . Under the conditions of this study, it is clear that HRP exists predominantly as compound III and P-670 after the addition of H2O2. By the addition of NA to this solution, the spectrum of HRP was further changed, as shown in Fig. 7 . The relative intensities of the characteristic bands of compound III at 417, 543, and 577 nm decreased along with an increase of that of the characteristic band of P-670 at 669 nm. As shown in Fig. 7(B) , the absorption spectra crossed at a point near to 595 nm, although it was not necessarily evaluated as an isosbestic point. These spectral data indicate that compound III was at least converted to P-670 with the fluorescent derivatization of NA. Accordingly, compound III was the enzyme intermediate that dominated in the fluorescent derivatization of NA; however, compound III and P-670 are reported as inactive forms of HRP. In contrast, Tamura et al. demonstrated that compound III could oxidize substrates, such as dimethyl-p-phenylenediamine and indoleacetic acid, although compound III is less active than compound II. 32 Based on these results, it was suggested that compound III participated in the fluorescent derivatization of NA with HRP in the presence of excess H2O2. Because of the low activity of compound III, the fluorescent derivatization of NA under the condition of this study will need a longer incubation time. Also, in the case of the fluorescent derivatization of XA with HRP, the UV spectral change after the addition of XA was observed in a similar manner as above.
In conclusion, XA and NA were converted into the fluorescent compound by the catalytic activity of HRP in the presence of excess H2O2 without exposure to light. Using this fluorescent derivatization, fluorometric determination methods of trace amounts of XA and NA were developed. This fluorescent derivatization with HRP in the presence of excess H2O2 will be useful as a new method to convert non-fluorescent tryptophan metabolites and their related compounds into any fluorescent compound.
It was suggested that compound III as an intermediate of HRP played an essential role in the fluorescent derivatization of XA and NA with HRP in the presence of excess H2O2.
